We examine the JEM-EUSO sensitivity to gravity effects in the context of Randall-Sundrum (RS) model with a single extra dimension and small curvature of the metric. Exchanges of reggeized Kaluza-Klein gravitons in the t-channel contribute to the inelastic cross-section for scattering of ultra-high-energy neutrinos off nucleons. Such effects can be detected in deeply penetrating quasi-horizontal air showers induced by interactions of cosmic neutrinos with atmospheric nucleons. For this reason, we calculate the expected number of quasi-horizontal air showers at the JEM-EUSO observatory as a function of two parameters of the RS model.
Introduction
One of the open questions in the modern particle physics is the so-called hierarchy problem, namely inexplicably large ratio of the gravity scale (10 19 GeV) to the electroweak scale (10 2 GeV). A whole model framework, the ArkaniHamed-Dimopoulos-Dvali (ADD) model [1, 2, 3] , was developed to explain the weakness of gravity relating to other forces by introducing additional spatial dimensions which are large compared to the Planck scale. This approach reduces the problem to fine tuning of few new parameters, i.e. the size of the additional dimensions.
The most minimalistic and elegant model which offers a solution to the problem is the Randall-Sundrum (RS) model [4] with a single extra dimension and warped background metric ds 2 = e 2κ(πrc−|y|) η µν dx µ dx ν + dy 2 ,
where y = r c θ, θ ∈ [−π, π], r c is the radius of the extra dimension, {x µ }, µ = 0, 1, 2, 3, are the coordinates in four-dimensional space-time, κ is the scalar curvature in five dimensions, and η µν is the Minkowski metric. Thus, the space-time of the RS model is a slice of five-dimensional anti-de Sitter space (AdS 5 ) with a single compactified extra dimension. The periodicity condition for this extra dimension is (x µ , y) = (x µ , y + 2πr c ) and the points (x µ , y) and (x µ , −y) are equivalent. The main idea that underlies such form of the metric is to generate large hierarchy by adding an exponential function of the compactification radius to the metric. This means that one can attain a large ratio between the Planck and weak scales without requiring very large value for r c .
In the following set-up we consider two three-dimensional branes with equal and opposite tensions-the first one (Plank brane) is situated at the point y = 0 and the second one (TeV brane or visible brane) is located at y = πr c . We assume that all SM fields are confined to the TeV brane whereas the gravity permeates all five dimensions. From the action of the effective four-dimensional theory one can derive a relation between the reduced four-dimensional Planck mass M Pl and the reduced gravity scale in five dimensions M 5 [4] :
For an observer living on the TeV brane, the masses of the Kaluza-Klein (KK) graviton excitations depend linearly on the scalar curvature κ:
where x n are zeros of the Bessel function of the first kind J 1 (x). The coupling of the massless KK graviton G
µν and massive KK gravitons G (n)
µν , and the energymomentum tensor T µν on the TeV brane, is given by interaction Lagrangian
where Λ π = (M 3 5 /κ) 1/2 sets a physical scale on the visible brane. In contrast to the standard RS model [4] in which the lightest KK excitation has mass of the order of 1 TeV, one can consider a scenario with small curvature, i.e. κ ∼ 1 GeV, M 5 ∼ 1 TeV. As a result, the model contains infinite spectrum of closely spaced low-mass KK gravitons whose lightest mass is equal to 3.83κ.
In order to be accepted or rejected, the RS model with a large extra dimension has to be experimentally tested. A few collaborations have examined the conceivable presence of compact extra dimension with the result that they determined lower bounds for the reduced gravity scale in five dimensions M 5 . By studying the photon energy spectrum (respectively the missing transverse energy E ⊥ ) in the process e + e − → γ + E ⊥ the DELPHI collaboration [5] obtained a limit on M 5 : M 5 > 0.92 TeV at 95% CL. Furthermore, the search for large extra dimensions in the diphoton channel is carried out by the D O [6] and CDF [7] collaborations at √ s = 1.96 TeV. The bound that is obtained using their data is: M 5 > 0.81 TeV. Finally, studying the diphoton production at the LHC [8] , the discovery limits on M 5 are estimated to be 5.1 TeV and 6.3 TeV for integrated luminosities 30 fb −1 and 100 fb −1 respectively.
Neutrino-nucleon inelastic cross-section in the RS model with a small curvature
It is feasible to detect effects induced by low-mass KK gravitons by searching for their imprints in the scattering of the SM fields. To do that, we have to look at the trans-Planckian kinematical region
where √ s is center-of-mass energy and t = −q 2 ⊥ is four-dimensional momentum transfer. We also assume the small curvature option of the RS model, i.e. κ M 5 . Note that our assumptions do not contradict in any way the relation (2). According to the eikonal approximation, which is applicable in the regime (5), elastic scattering amplitude is given by the sum of reggeized gravitons (graviReggeons) in the t-channel. The presence of extra dimension leads to splitting of the Regge trajectory into an infinite sequence of trajectories enumerated by the KK number n [9]:
According to the string theory, the slope of the gravi-Reggeons is universal for all s and is given by the string scale M s via α g = 1/M 2 s . For numerical calculations we choose M s = 1 TeV.
The differential neutrino-nucleon cross section is derived in eikonal approximation [9, 10] :
where the neutrino-nucleon amplitude A νN is expressed in terms of the eikonal χ:
The eikonal is defined by the hadronic Born amplitude
which, in its turn, is given by the gravity Born amplitude for neutrino scattering off a point-like particle and the t-dependent parton distributions:
The parton distributions have a Regge-like form
with parameters r 2 0 = 0.62 GeV −2 and α P = 0.094 GeV −2 [11] . For our calculations we use a set of parton distribution functions f i (x) from [12].
On Fig. 1 we plot the total neutrino-nucleon cross section calculated by making use of Eqs. (7)-(12) for κ = 1 GeV and three different values of the reduced gravity scale M 5 . For comparison is plotted the SM extrapolation taken from [13] and valid in the region 10 7 GeV ≤ E ν ≤ 10 12 GeV within 10%:
One can readily notice that the total neutrino-nucleon cross section predicted by the RS model sufficiently dominates the SM one at high energies. This fact indicates that a large-exposure cosmic-based detector with high energy threshold can be sensitive to gravity effects in deeply penetrating quasi-horizontal air showers induced by ultra-high energy cosmic neutrinos. 
Detection of quasi-horizontal air showers with JEM-EUSO
The neutrinos, in particular, are characterized by specific pattern of the air showers they induce in the Earth atmosphere compared to the protons for example. This is due to the fact that neutrinos have extremely small cross section for interaction with atmospheric nuclei. For this reason neutrinos must pass much more atmosphere in order to interact and initiate air showers. Thus quasi-horizontal air showers are needed to detect high-energy neutrinos. The Extreme Universe Space Observatory on-board the Japanese Experiment Module (JEM-EUSO) [14, 15] on the International Space Station (ISS) is an innovative space mission designed to detect ultra-high energy cosmic rays (UHECRs). Orbiting the Earth with period of 90 minutes, it uses large volume of the Earth atmosphere as a detector. When a high-energy particle enters the atmosphere, it interacts with the atmospheric nuclei thus initiating Extensive Air Shower (EAS) of secondary charged particles. The JEM-EUSO telescope exploits the isotropic fluorescence light emitted from the EAS as well as the Cherenkov light reflected from Earth surface or thick clouds. Using that technique, JEM-EUSO works as ultrafast camera that records the spatial and temporal profile of the EAS during its development in the atmosphere. The main objective of the mission is UHECR astronomy and astrophysics.
In order to calculate the expected number of neutrino-induced air showers that the JEM-EUSO telescope can possibly detect, we need to know the cosmic neutrino flux Φ ν (E ν ) and the annual exposure Ψ(E ν ) of the telescope. For the cosmic neutrino flux we take the optimistic Waxman- [16, 17] . The nominal instantaneous aperture of JEM-EUSO in nadir mode is ∼ 5 × 10 5 km 2 sr at the highest energies. A detailed study of all factors that affect the annual exposure has been conducted by the JEM-EUSO collaboration [18] (see Fig. 2 ). These factors give conversion coefficient between geometrical aperture and exposure of about ∼ 13%.
For numerical calculations we take the threshold energy of the JEM-EUSO detector to be E th = 3 × 10 10 GeV and integrate up to maximal energy E max = 1 × 10 12 GeV. The number of neutrino-induced quasi-horizontal air showers per year is given by [19] N eν [yr
where h is the atmospheric scale height, N A is the Avogadro constant, and ρ atm (0) is the air density at sea level. Since the neutrinos are characterized by quasi-horizontal air showers, it is reasonable to apply simple geometrical cuts on the annual exposure of JEM-EUSO. The particular cut we will use is on the zenith angle θ > 60
• and on the distance R < 150 km from the center of FoV of the impact location of the EAS (orange line in Fig. 2) .
The results of our calculations are shown in Table 1 and in Fig. 3 for different values of two parameters of the model. 
Conclusion
The event rate of neutrino-induced quasi-horizontal air showers depends on two parameters of the Randall-Sundrum model-the scalar curvature κ and the reduced gravity scale M 5 in five dimensions. Consequently, there exists a sufficient difference in the event rates as predicted by the RS model and by the SM (Table 1 and Fig. 3 ). Such deviation from the SM expectation can be searched out by making use of a large-aperture detector that is able to detect the weakly interacting high-energy cosmic neutrinos. For this reason we have calculated the expected number of neutrino-induced quasi-horizontal EAS that the forthcoming JEM-EUSO mission is capable of detecting for a year. Taking into account that JEM-EUSO can reach an annual exposure one order of magnitude higher than the Pierre Auger Observatory, it will be possible to set more accurate lower bounds on the parameters of the RS model.
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